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Horizontal divergence, relative vorticity, kinematic vertical velocity, and geostrophic and ageostrophic winds
are computed from Colorado profiler network data to investigate an upslope snowstorm in northeastern Colorado.
Horizontal divergence and relative vorticity are computed using the Gauss and Stokes theorems, respectively.
Kinematic vertical velocities are obtained from the surface to 9 km by vertically integrating the continuity
equation. The geostrophic and ageostrophic winds are computed by applying a finite diferencing technique to
evaluate the derivatives in the horizontal equations of motion. Comparison of the synoptic-scale data with the
profiler network data reveals that the two datsets are generally consistent. Also, the profiler-derived quantities
exhibit coherent vertical and temporal patterns consistent with conceptual and theoretical flow fields of various
meteorological phenomena. It is suggested that the profiler-derived quantities are of potential use to weather
forecasters in that they enable the dynamic and kinematic interpretation of weather system structure to be made
and thus have nowcasting and short-term forecasting value. s
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ABSTRACT

Horizontal divergence, relative vorticity. kinematic vertical velocity, and geostrophic and ageostrophic winds
are computed from Colorado profiler network data to investigate an upslope snowstorm in northeastern Colorado.
Horizontal divergence and relative vorticity are computed using the Gauss and Stokes theorems, respectively.
Kinematic vertical velocities are obtained from the surface to 9 km by vertically integrating the continuity
equation. The geostrophic and ageostrophic winds are computed by applying a finite differencing technique to
evaluate the derivatives in the horizontal equations of motion. Comparison of the synoptic-scale data with the
profiler network data reveals that the two datasets are generally consistent. Also, the profiler-derived quantities
exhibit coherent vertical and temporal patterns consistent with conceptual and theoretical flow fields of various
meteorological phenomena. It is suggested that the profiler-derived quantities are of potential use to weather
forecasters in that they enable the dynamic and kinematic interpretation of weather system structure to be made
and thus have nowcasting and short-term forecasting value.

I. Introduction detailed review of the Doppler wind profiler measure-mee- ment technique.
The Colorado profiler network has provided meteo- Strauch et al. (1984) describe the design, data pro-

rologists with an opportunity to continuously observe snand eroa ncecrctesi ofth C ro
the ppe-levl wnds ithhig temora andspaialcessing and performance characteristics of the Colorado

the upper-level winds with high temporal and spatial profiler network. The three Doppler wind profilers used
resolution. Computations of profiler network-derived in this investigation were sited near Fleming. Flagler,
quantities such as horizontal divergence, relative vor- and Platteville, Colorado. The distance between each
ticity. kinematic vertical velocity, and ageostrophic and of these profilers is approximately 170 kin, which is
geostrophic winds reveal mesoscale and synoptic-scale less than half the distance between rawinsonde sites in
motions associated with short waves, jet streaks, and the National Weather Service network. Hourly aver-
upper-level fronts. Zamora et al. (1987) and Augustine aged high resolution data ranging from 3 to 9 km MSL
and Zipser (1987) have shown that the information at intervals of 300 m were used to calculate the kine-
derived from the Colorado profiler network can be used matic quantities.
to diagnose thunderstorm activity in the Central Plains
states. A case study is presented below to illustrate the
usefulness of the profiler network-derived kinematic 2. Computation of kinematic quantities from a triangle
quantities in understanding the nature of a so-called of Doppler wind profilers
"upslope" snowstorm in northeastern Colorado.

The Doppler wind profiler derives its signal from Horizontal divergence and relative vorticity are
the backscatter of the transmitted signal by inhomo- computed using a line integral method that implements
geneities in the radio refractive index. These inhomo- Gauss' theorem.
geneities are the result of turbulent variations in tem-
perature and humidity. Gage and Balsley (1978). Bal- div.A f V ndsJ V VdA ( I)
sley (1981), and Balsley and Gage (1982) give a

and Stokes' theorem,
(Ctrrc.sl;nding author addres' Catherine A. Carlson, Space Science

Lab/ES44. NASA/Marshall Space Flight Center, Marshall Space vor -A V • ds (V X V)- ndA, (2)
Flight Center. AL 35812.
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respectively. The unit vector n is directed normal to constant varied with time, but was on tht order of ± I
the surface and outward, the unit vector s is directed X 10' s - 1.

along the surface in a counterclockwise direction, and The ageostrophic winds are determined using the
ds is a unit length along the surface. In applying these following equations, in which viscous and turbulent
formulae to profiler triangle data, the integrals are ex- processes are neglected:
pressed as summations along the three sides. The wind
is assumed to vary linearly between the profiler sites. - I ,D a, + v (]d (6)
and the quantities derived from the above equations , - [ - + it - + D - + w'  6

represent areal averaged values applicable to the cen-
troid of the triangle. - I du du 0 u .. (7)

Vertical velocities are obtained from a triangle of VA [at + a aX + D -. •
profilers through implementation of the kinematic
method, which vertically integrates the continuity In this context the overbar denotes the areal averaged
equation value or centroid value of the velocity component

(rather than a single station temporal average). To
(pw) compute 17 and U, an average value of u and v is com-

(3) puted for each side of the triangle using the winds from
the two profilers which define that side of the triangle.

where V1n is the two-dimensional divergence operator The side-averaged value is then weighted by the dis-
and VI/ is the two-dimensional horizontal velocity. The tance between the two profilers. The three weighted
vertical velocity is then computed level by level by values are then added and divided by the perimeter of
summing the right-hand side, the profiler triangle.

N The spatial derivatives are calculated by a finite dif-

H 0po + (PN-I divN-1 + pN divN) (4) ference scheme after the u and v components of the

P" N,, 2 (pN + PN-I) three profiler sites are linearly interpolated to an un-
evenly spaced grid. The method of linear interpolation

Here WA, is the vertical velocity at level N, PN-I and is described below. The latitude and longitude of the

PN are the air density at levels N - I and N, and p0 is profiler sites are converted to an orthogonal Cartesian
the air density computed at the surface. The lower coordinate system. The origin of the coordinate system
boundary condition, IWo, is obtained by computing is located at the southwest corner of the triangle with
surface orographic effects. The continuity equation is the western site intersecting the Y axis and the southern
integrated in two steps. The first step integrates diver- site intersecting the .v axis as shown in Fig. I. The
gence from the surrdce to 3 km using values calculated equations used for the conversions are
from the surface observation network and the lowest I I .0(LON,% LONMIN)(cos(LATCEN))J
profiler measurement level. In this step, vertical mo-
tions are assumed to vary linearly from the surface to (8)
3 km. The second step integrates divergence from 3 to
9 km in twenty-one 300 m increments, using the 22 y . -I I.0(I.Aix - LATMIN). (9)
values of individual level divergences computed from
(I ). Densities were obtained from NWS rawinsondes
released at Denver. Y XCEN

Because the kinematic method is sensitive to an ac- FLE
cumulation of error at the termination of integration.
a correction scheme is implemented which adjusts the
divergence values at each profiler level by a constant. PLT
The constant is computed using the equation

K - I'(ZsrR) (5)X YCEN

ZS5IR - Z0

which forces the vertical motions at 14 km to equal
zero. Here II'(zsR) is the kinematic vertical velocity
at 14 km. and is obtained from low resolution profiler
data which ranges from 4 to 14 km above mean sea -

level at 900 m increments. The value of zslR is 14 km, FtG
while :n, the lowest altitude whose divergence is com- ltc I.ichematic ol the interpolation schrne used to tit the ITr-
puted from the low resolution data, is 4 km. The con- regularly spaced profiler %inds to a grid I lie ur asterisk% denote
stant was then applied to the high resolution data. The the four grid rints used hy the finite dit'rcrning schcmei



OCTOBER1989 CATHERINE A. CARLSON AND GREGORY S. FORBES 771

where LATMIN and LONMIN are the minimum lat- weather systems traveling aloft exerted greater control
itude and longitude of the three profiler sites, LAT.%. over the precipitation intensity. In the sections that
and LONv are the latitude and longitude of the indi- follow, the synoptic-scale features are introduced briefly
vidual profiler sites, and LATCEN is the average lati- using conventional data. Details of the weather are then
tude of the three profiler sites. The equations for com- examined using profiler data.
puting the x and v coordinates (XCEN and YCEN)
of the centroid of the triangle are a. Svnopiic environment

XCEN - + X3 + X (10) Prior to 1200 UTC 28 September 1985, a high pres-
sure system with 1034 mb center moved eastward

v, + . + .3 through southern Canada channeling cold air along
YCEN = 3 (1) the east slopes of the Rocky Mountains. A shallow cold

dome developed over the region as the easterly flow
Then x and .v axes are drawkn through the centroid of from the anticvclone dammed the cold air along the
the triangle to intersect the sides of the triangle. The v mountain slopes. This cold pocket of air remained over
and v coordinates are computed at the four points of the profiler network [but beneath 3 km mean sea level
intersection, and the u and v components are inter- (MSL), the lowest level sampled by the profiler]
polated to each of the four points. The derivatives are throughout the case, and served as an overrunning sur-
computed using the equations face for the moist southwesterly flow aloft.

According to the rawinsonde network data. a 700
au u(XMAX. YCEN) - u(XMIN. YCEN) (12) mb short-wave trough with an associated cold front
a.- XMAX - XMIN passed through the profiler network between 1200 UTC

28 to 0000 UTC 29 September. During this period.
a' ( XMAX. YCEN) - c XMIN. YCEN) (13) the atmosphere became saturated from 700 to 500 mb

XMAX - XMIN as the southwesterly flow associated with an approach-
ing 500 mb trough advected moisture from the south-

au u(XCEN, YMAX) - u(XCEN, YMIN) (14) west region. Following the passage of the 500 mb front
3y YMAX - YMIN between 0000 UTC and 1200 UTC 29 September. the

atmosphere underwent strong cold and dry advection.
av =(XCEN, YMAX) - v(XCEN, YMIN) (15) The 300 mb synoptic charts at 1200 UTC 28 and 0000
al YMAX - YMIN UTC 29 September, shown in Fig. 2, indicate that the

axis of a southwesterly jet stream with an embedded
It should be noted that the ageostrophic and geostrophic jet streak was initially north of the profiler network
winds computed by the above method contain errors and drifted over the network by 1200 UTC 29 Septem-
in the estimation of the spatial derivatives due to the ber. The 500 and 300 mb trough axes passed through
remapping of the u and v components to a grid. Doswell the profiler network after 1200 UTC 29 September.
and Caracena (1988) have shown that these errors can The profiler winds and derived quantities are examined
be eliminated by computing the derivatives with a lin- in the following sections for details of the structure of
ear vector point function or a line integral method. these synoptic-scale features.

The derivatives of Oik/dt and aD/Ot are computed as
centered-in-time finite differences of ii and D. The geo-
strophic components are derived by subtracting the b. Observed profiler winds
ageostrophic components from ui and D. The ageo-
strophic and geostrophic winds are areal averaged val- A wind shift associated with the passage of the 700
ues pertaining to the centroid of the triangle. mb trough is apparent in the time-height section of

the Platteville (in Fig. 3), Fleming and Flagler profiler
winds at approximately 1900 UTC 28, 2200 UTC and

3. Case study from 1200 UTC 28 September to 2300 0800 UTC 29 September, respectively. The approach
UTC 29 September 1985 of the axis of the jet stream could also be seen over

Platteville, Fleming and Flagler profiler sites beginning
A Colorado upslope snowstorm during the period about 1800 UTC. 1900 UTC and 2000 UTC 28, re-

from 1200 UTC 28 September to 2300 UTC 29 Sep- spectively, as indicated by winds increasing to more
tember 1985 was investigated by combining conven- than 30 m s - '. The winds shifted from southwest to
tional radar, surface, and rawinsonde observations with northwest as the 500 mb and 300 mb troughs passed
the observed winds and derived quantities of the through Platteville at 1900 UTC and 2100 UTC 29,
Doppler wind profiler network. Though the low-level Flagler at 2100 UTC and 2300 UTC 29, The winds at
flow was generally upslope, the kinematic quantities Fleming were in the process of veering to the northwest
derived from the profiler data suggest that important at 0000 UTC 30.
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in Fig. 5. While the pattern is noisy in places, several The profiler-derived horizontal divergence values,
periods of very consistent winds are evident. One fea- shown in Fig. 6. indicated a convergence zone sloping
ture is a sloping belt of ageostrophic east-southeasterlies with height to about 6 km beginning at 1600 UTC 28
that begins near 4 km MSL at 1400 UTC 28 September September. This convergence zone was related to the
and continues in time to about 6 km at 0500 UTC 29 synoptic-scale cold front which passed through the
September. This is an overrunning flow rising along profiler triangle. During this period from 2300 UTC
the frontal surface discussed earlier. This feature is pri- 28 to 0300 UTC 29 September. convergence in the
marily responsible for the precipitation event, lower atmosphere and divergence in the upper atmo-

Above 5 km, another period of consistent ageo- sphere was maximized. This period coincided with the
strophic winds occurs between 1200 UTC and 1700 passage of the right entrance region of the southwesterly
UTC 28 September. Ageostrophic winds are from the jet streak.
north and west, which means they are directed toward Figure 7 reveals the profiler-derived relative vorticity
the right of the observed winds. A few hours of light values for the case stud.. Above 6 km. the relative
and/or variable ageostrophic winds follow at these Iev- vorticity values indicated anticyclonic shear xorticitv
els. and then a period of consistent east-southeasterlies when the axis of the jet was located to the northwest
occurs between 0000 UTC and 0700 UTC 29 Septem- of the profiler triangle. During the period from 1200
ber. These ageostrophic winds are directed to the left UTC to 2000 UC 29 September. the relative \orticitx
of the jet stream. Together, this couplet suggests the values indicated cyclonic shear and curvature vorticit\
passage of a jet streak over the profiler network. The as the axis of the jet moved through the profiler netw.ork
profilers were in the right exit region of the streak from and the axis of the 300 mb trough approached the pro-
1200 UTC to 1700 UTC 28 September, then near and tiler network. The relative vorticity values peaked at
probably south of the core of the jet streak until 0000 2000 UTC 29 September du ing the passage of the 300
UTC 29 September. and in the entrance region of the mb trough.
streak until 0700 UTC 29 September. Profiler-inca- Figure 8 illustrates the profiler-derived vertical mo-
sured wind speeds peaked over the profiler network tions and the percentage of areal coverage b\ the pre-
around 1200 UTC 29 September as the axis of the jet cipitation echo over the profiler netwyork. Areal coy-
stream passed over the network. erage of the precipitation echo was derived from con-

After 1100 UTC 29 September. the ageostrophic ventional radar data taken at the Limon. Colorado site.
winds above 6.5 km were from the east. This is the The coverage of the precipitation echo and the overall
period when the 300 mb trough axis passed through pattern of vertical motion are well correlated. From
the network. Observed winds were westerly at this time, 1800 UTC 28 to 0400 UTC 29 September. upward
and the easterly ageostrophic winds are interpreted as motion occurred as ajet streak and a low-level trough /
being a response to the large cyclonic curvature. Spe- front passed through the network. The vertical veloc-
cifically. in a cyclonically curved flow, balanced winds ities peaked at 0100 UTC 29 September in the 5 to 6
will be slower than geostrophic. km layer. At this time, Derver's surface station was
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